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ABSTRACT
Upon binding to the 15.5K protein, two tandem-
sheared G–A base pairs are formed in the internal
loop of the kink-turn motif of U4 snRNA (Kt-U4).
We have reported that the folding of Kt-U4 is assisted
byproteinbinding.Unstableinteractionsthatcontrib-
ute to a large opening of the free RNA (‘k–e motion’)
were identified using locally enhanced sampling
molecular dynamics simulations, results that agree
with experiments. A detailed analysis of the simula-
tions reveals that the k–e motion in Kt-U4 is triggered
bothbylossofG–Abasepairsintheinternalloopand
backbone flexibility in the stems. Essential dynamics
show that the loss of G–A base pairs is correlated
along the first mode but anti-correlated along the
third mode with the k–e motion. Moreover, when
enhanced sampling was confined to the internal
loop, the RNA adopted an alternative conformation
characterized by a sharper kink, opening of G–A base
pairs and modified stacking interactions. Thus, loss
of G–A base pairs is insufficient for achieving a large
opening of the free RNA. These findings, supported by
previously published RNA structure probing experi-
ments, suggest that G–A base pair formation occurs
upon protein binding, thereby stabilizing a selective
orientation of the stems.
INTRODUCTION
The 50 stem–loopof U4 snRNA binds the 15.5K protein during
the hierarchical assembly of the spliceosomal U4/U6 snRNP
(1,2). The RNA fold in the crystallographic structure of the
complex belongs to the family of kink-turn (K-turn) structural
motifs (3). The K-turn was also identiﬁed in different loci in
the large ribosomal subunit, where it is associated with dif-
ferentproteinssuchasL30orL7AE(4–9).Itisremarkablethat
among all the K-turns identiﬁed to date, only one is found not
to be associated with proteins. Structural data based on X-ray
crystallography or NMR are not yet available for the unbound
K-turns. However, several studies have shown that the isolated
K-turn is a rather ﬂexible entity (10,11). Single molecule
ﬂuorescence resonance energy transfer (FRET) studies per-
formed by Goody et al. (10) provided evidence for large
amplitude conformational transitions in the K-turn Kt7,
which contains most of the motif’s consensus sequence
[for description of the K-turn nomenclature see (4)]. They
observed that the K-turn is dimorphic, undergoing a transition
between a closed (‘kinked’) and an open (‘extended’) con-
formation (‘k–e motion’). The reported k–e motion depended
on the ionic strength. However, a signiﬁcant population of the
extended structure was observed even at high concentrations
of divalent cations (10). However, our understanding of the
atomic details of such transitions remains inadequate.
In the K-turn motif, two stems are connected via a purine-
rich asymmetric internal loop. A sharp kink of the RNA
backbone in the internal loop allows the stems to form a
scissors-like structure. Most of the K-turns have such a
kink only on one strand while Kt58 has two kinks, one in
each strand. The angle between the stems varies among dif-
ferent K-turns and is sequence-dependent. In most cases,
the two stems adopt a conformation close to canonical
A-RNA, the non-canonical stem (NC-stem) being extended
into the internal loop with several tandem-sheared G–A base
pairs or other non-Watson–Crick interactions. The canonical
stem (C-stem) lacks the non-Watson–Crick extension. The
internal loop consists of a purine-rich sequence with 1 or 2
ﬂipped-out nt and a stretch of non-Watson–Crick interactions
such as tandem-sheared G–A base pairs. Several inter-stem
contacts (A-minor contacts) bridge the two stems at the origin
of their ramiﬁcation. The scissors-like structure allows pro-
teins such as L15E to bind the K-turns by contacting both the
C- and NC-stems, thus playing an important role in folding of
large RNAs such as ribosomal RNA.
In the crystallographic structure of Kt-U4, the C-stem
consists of three G–C base pairs (G26–C47, C27–C46 and
C28–G45), which represent merely a fraction of the long
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is very short in comparison with the ribosomal K-turns, con-
sisting of only two Watson–Crick base pairs (G35–C41 and
G34–C42) that are extended with two tandem-sheared G–A
base pairs (G32–A44 and G43–A33) into the internal loop.
The uridine U31 is ﬂipped out in a pocket of the 15.5K protein,
and two unpaired adenines (A29 and A30) establish a ‘3 + 1’
stacking pattern in which A30 stacks on A44 and A33, while
A29 stacks on the G45–C28 base pair of the C-stem (3). The
angle between the helical axes of the two stems has a value of
79  when only the two G–C base pairs are considered as the
NC-stem, and 65  when the G–A base pairs are also included
(values calculated with the CURVES program). In Kt-U4, the
NC-stem is attached to a ﬂexible external loop that is thought
to play a role in the subsequent binding of the 61K protein to
the U4 snRNA (2,12). It has been shown that mutations of the
nucleotides forming the G–A base pairs abolish binding of
the 15.5K protein (1,3).
Computer simulations have been widely used to study mac-
romolecular motions occurring in processes such as protein–
RNA interactions (13–17), RNA folding (18–20), RNA–metal
ion interactions (21–23) or macromolecular solvation (24–27).
Nevertheless, simulating a protein-assisted RNA folding event
poses several challenges: (i) there is a lackof structural data on
the free RNA, owing to its ﬂexibility; (ii) the time scale of the
transitions relevant for the folding is often signiﬁcantly larger
than that accessible by standard molecular dynamics (MD)
protocols; (iii) the evolution of the system during MD
simulations is largely dependent on the initial structure; and
(iv) there are a multitude of factors inﬂuencing the process
occurring in the cell.
In two complementary studies, Ra ´zga et al. (28,29) applied
standard MD simulations to different ribosomal K-turns and
Kt-U4. Although the reported simulations were relatively long
(up to 74 ns), only partial opening of K-turns was observed
while the G–A base pairs remained stable throughout the
simulations. The standard MD trajectories that we obtained
for the free Kt-U4 showed a similar behavior of the RNA to
that observed by Ra ´zga et al. (28,29) while chemical RNA
structure probing experiments indicate that both G32 and G43
are clearly accessible to chemical modiﬁcations in the absence
of the 15.5K protein (12).
The simulation of RNAs undergoing protein-assisted
folding requires the use of enhanced sampling techniques in
combination with standard MD if started from their bound
structures (12). We have employed standard MD combined
with locally enhanced sampling molecular dynamics (LES-
MD) simulations starting from the 2.9 s crystal structure of
the Kt-U4 from the Kt-U4–15.5K complex(pdbid 1E7K). LES
is a mean-ﬁeld-based theory that can be coupled with explicit
solvent treatment and Particle Mesh Ewald (PME) in constant
pressure simulations using periodic boundary conditions
(30–33). It functions by dividing the system into separate
regions and replacing them with multiple copies. In this way,
the energy potential surface is smoothened and the copies are
allowedtosamplemoreoftheconformationalspace(34).Such
an approach has been successfully employed to explore struc-
tural diversity in RNA or protein loops (31,33). It was also
shown that the application of LES triggers a large conforma-
tional transition in the lateral and diagonal thymine loops of
DNA G-quartets (35). However, the structures to which the
simulations converged were very different from the experi-
mental structures. Since free energy calculations conﬁrmed
that the new structures were more stable, it was proposed
that the inconsistencies arose from force-ﬁeld inaccuracies
rather than artifacts introduced by the application of LES
methodology.
We reported that the folding of Kt-U4 is assisted by the
binding to the 15.5K protein. Using LES-MD simulations, we
found thattheunbound RNAissigniﬁcantlymore ﬂexible than
the bound RNA. Large amplitude motion of opening–closing
in the free RNA was accompanied by the loss of secondary
structures, such as the G–A base pairs or the stacking patterns.
A30 was very ﬂexible, rotating constantly about the N9–C10
bond. The stability of the Watson–Crick G–C base pairs of the
NC-stem depends both on protein binding and on the structure
of the RNA loop attached to the NC-stem. The simulations
were in excellent agreement with chemical RNA structure
probing experiments. The opening–closing motion of
the Kt-U4 observed in the simulations may be similar to
the k–e transition of the K-turn Kt7 revealed by single
molecule FRET experiments. However, FRET does not
provide atomic details of the different states involved (10).
The aim of the current study was to provide details of the
structural transitions occurring in the LES-MD simulations
and to explore correlated motions in the free RNA. We present
an in-depth analysis of simulations performed with different
LES setups, ﬁnding that the largest k–e motion was observed
when LES regions were deﬁned both in the internal loop and
in the stems (LES4 trajectory). When LES was conﬁned to
the internal loop (LES1 trajectory), the RNA adopted an
alternative conformation characterized by a sharper kink in
the backbone, loss of G–A base pairs and modiﬁed stacking
interactions. Essential dynamics (ED) of the free RNA in the
LES4 trajectory showed that the opening of G–A base pairs
was correlated along the ﬁrst mode but anti-correlated along
the third mode with the k–e motion. The dynamics along
the third mode were similar to that observed in the LES1
trajectory. Thus, loss of G–A base pairs was insufﬁcient for
large opening of the free RNA, the k–e motion of the K-turn
being promoted by structural ﬂexibility both in the internal
loop and in the helical regions. Based on these ﬁndings com-
plemented by the previously published RNA structure probing
experiments, we propose that G–A base pair formation occurs
upon protein binding, stabilizing a selective orientation of
the stems rather than contributing to the k–e motion in the
free RNA.
Despite the emphasis on the LES-MD simulations, the
reader should be aware that the enhanced sampling simula-
tions were performed in combination with standard MD
simulations. While LES proved very useful for studying
large conformational transitions, such as the opening of the
K-turn, the standard MD simulations provided a more accurate
description of ﬁne contacts, such as the inter-stem hydrogen
bonds (A-minor contacts) (12,29).
MATERIALS AND METHODS
LES-MD simulations
The free RNA and the complex were simulated by standard
MD protocols with explicit solvent and neutralizing Na
+ ions
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(12). The equilibrated structures from standard MD simula-
tions were used as input for LES-MD simulations. The LES
systems were set up with the ADDLES program and the simu-
lations were performed using the SANDER module from the
AMBER7 distribution (37). All LES-MD simulations were
10 ns long and were performed for both the bound and unbound
RNAs on 16 CPUs on a p690 IBM cluster running on AIX 5.2
operatingsystem.AlltheLESsetupsthatproducedtrajectories
in which the bound RNA was unstable were excluded from
further processing.
Here, we present results obtained using three different LES
setups. For the LES4 trajectory, four different LES regions
were deﬁned in the RNA and each region was replaced with
four identical copies: (i) C27, C28, G45 and G46 (two G–C
base pairs from the C-stem); (ii) A29, A30 and U31 (the
unpaired nucleotides); (iii) G32, A33, G43 and A44 (the
tandem-sheared G–A base pairs); and (iv) G34, G35, C41
and C42 (the two G–C base pairs of the NC-stem). For the
LES1 trajectory, one region conﬁned to the entire internal loop
(A29, A30, U31, G32, A33, G43 and A44) was replaced with
four identical copies. For the LES2 trajectory, two different
regions were deﬁned in the RNA and each region was replaced
with four identical copies: (i) A29, A30, U31, G32, A33, G43
and A44 (the internal loop); and (ii) G34, G35, C41 and C42
(the two G–C base pairs of the NC-stem).
All LES-MD trajectories presented were performed on the
naturally occurring RNA sequence that has the ﬂexible penta-
loop attached to the NC-stem (K2 RNA). Since this external
loop was not revealed by the crystallographic structure, we
modeled the loop as described previously (12).
The trajectories were decomposed into individual trajector-
ies of each copy, further processed, visualized and analyzed
using the VMD software (38) and the ptraj and carnal modules
from the AMBER7 distribution. In the ﬁnal step, snapshots
were taken every 10 ps for data visualization.
Final ﬁgures were generated with COREL DRAW. The
structural snapshots in Figures 1, 5 and 8 were taken with
VMD, the graphs in Figures 2, 6 and 7 were created with
GRACE and the scatter 3D graphs in Figures 3 and 4 were
drawn in MATLAB.
Essential dynamics
Principal component analysis (PCA) of MD trajectory data,
often called essential dynamics, is frequently used to separate
large-scalecorrelatedmotionsfromlocalharmonicﬂuctuations
(39–42). ED analysis constructs a new orthogonal basis set for
the atomic coordinates in a trajectory such that the greatest
varianceoccursalongtheﬁrstvector,withdecreasingvariances
alongsuccessivevectors.Theeigenvaluesfromthedecomposi-
tionoftheeigenvectorsrepresenttherelativemotionthatoccurs
along each mode. The motion of a system during MD traject-
ories can be described by the displacement along the ﬁrst few
eigenvectors(43).Thereareanumberoflimitations associated
with ED (44), but the method proved useful in identifying
motions correlated with the large amplitude k–e motion in
the RNA that was captured in the LES-MD trajectories.
To perform ED, coordinate data from each time-step were
ﬁtted to the initial structure to remove translational and rota-
tional motion. The ﬁtted trajectory data were used to construct
a covariance matrix. The matrix was diagonalized so as to
determine the eigenvalues and eigenvectors. The trajectory
can be reconstructed using the eigenvectors with signiﬁcant
contribution to the global motion. The matrix of the projec-
tions of each time-step onto each mode was calculated by
multiplying the trajectory matrix by the matrix of column
eigenvectors. We performed ED of the LES4 trajectory
using the ptraj module from the AMBER8 distribution and
visualized the modes with VMD using the IED program (42).
We generated the covariance matrix for all the atomic coordin-
ates in the RNA, diagonalized it, and wrote out the ﬁrst 25
eigenvectors. The projections onto the ﬁrst three modes were
calculated and the motions along ﬁrst and third modes were
analyzed further.
RESULTS
The behavior of the free RNA was not inﬂuenced by the
numberofLES regions aslongastheconformationalsampling
was enhanced both in the internal loop and in the two stems.
Only those LES setups under which the bound RNA was stable
were considered for further processing. The dependence of
the results on the number of copies/region is discussed else-
where (12). We chose to present in detail the LES4 trajectory
because it was the longest (10 ns) and captured a signiﬁcant
reformation of the K-turn during the last 2 ns.
To study how the backbone ﬂexibility in the stems inﬂu-
ences the k–e motion of the K-turn, we restricted the degree of
conformational freedom in the C- and NC-stems by conﬁning
LES to the internal loop (LES1) or to the internal loop and the
NC-stem (LES2). Simulations of the LES1 and LES2 systems
were performed and the resulting trajectories were compared
with the LES4 trajectory.
MPEG movies of the three trajectories of the unbound
Kt-U4 (LES1, LES2 and LES4), all 10 ns long, are available
for downloading from the following webpage: www.mpibpc.
gwdg.de/abteilungen/060/Cojocaru_NAR/Additional_Material.
html.
Opening–closing of Kt-U4
The conformation of Kt-U4 as observed in the crystal structure
with the external loop modeled is shown in Figure 1A. We use
the angle j formed by the P atoms of C47, U31 and G35 to
characterize the degree of kinking in the RNA. The j angle
is sharper than the angle formed by the two helical axes (F)
( 25  compared with  68 ) but displays the same proﬁle
during the simulations. j is independent of structural instabil-
ities as opposed to F, which cannot be deﬁned if the NC-stem
loses its helical properties. During the LES4 trajectory,
the RNA undergoes a large conformational transition to an
extended structure.Figure 1Bshows asnapshot from the LES4
trajectory taken at maximum j (Supplementary Structure S2).
In the LES4 system, regions of enhanced sampling were
deﬁned bothintheinternalloopandinthe stems(seeMaterials
and Methods).The large opening of the K-turnis accompanied
by the loss of G–A base pairs, modiﬁcation of the stacking
pattern in the internal loop and opening of G–C base pairs in
the NC-stem. In the LES1 trajectory, enhanced sampling
was conﬁned to the internal loop and the RNA adopted an
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of G–A base pairs and a distinct modiﬁcation of the stacking
pattern in the internal loop (Supplementary Structure S3).
However, no opening of G–C base pairs in the NC-stem
was observed. The new stacking patterns formed in the
LES4 and LES1 trajectories are indicated by long arrows.
The conformation observed in the LES1 trajectory had
kinks in both strands (indicated by short arrows), the fold
resembling that of K-turn Kt58 (Figure 1D). The LES2 tra-
jectory was obtained by applying enhanced sampling to the
internal loop and the G–C base pairs of the NC-stem but not to
nucleotides from the C-stem. Interestingly, opening of the K-
turn occurred in the LES2 trajectory, but the amplitude of the
transition was far smaller than that observed in the LES4
trajectory (Supplementary Structure S4). The j angle for
the three trajectories is shown in Figure 2A. In the LES4
trajectory, the K-turn opening occurred rather quickly, reach-
ing a peak after  1.5 ns, after which the structure closed back
such that after 3.7 ns the value of j was close to the value
observed in the crystal structure. After 4 ns, the RNA opened
gradually, reaching the highest j ( 90 ) after  7.1 ns. For  1
ns, the structure remained open while during the last 2 ns, the
K-turn partially reformed to a j value of 30  (Supplementary
Structure S5). In the LES1 trajectory, partial opening occurred
only after 2.6 ns and j reached a maximum value of 40  after
 3.2 ns. The partial open conformation was short-lived; after
3.5 ns, the K-turn reformed while after 5 ns, j decreased to
lower values than those observed in the crystal structure and
remained constant for the rest of the trajectory. In the LES2
trajectory, partial opening occurred quickly and the amplitude
was comparable with that in the LES4 trajectory for the ﬁrst
4.5 ns. However, after  5 ns the RNA closed and remained
closed until the last nanosecond, when partial opening was
observed again.
Opening of G–A base pairs
Tandem-sheared G–A base pairs are formed by establishing
N2(G)-H-N7(A) and N6(A)-H-N3(G) hydrogen bonds. For
studying the opening of G–A base pairs during the three dif-
ferent trajectories, we calculated the donor–acceptor distance
(d)betweentheN2atomofguaninesandN7atomofadenines.
Figure 2B represents the results obtained for the G32–A44
base pair, the G43–A33 base pair behaving in a similar man-
ner. During the LES4 trajectory, we observed large opening of
the G32–A44 base pair only after 5.6 ns. In the interval 6–9 ns,
the base pair did not reform, but the relative movement of the
2 nt showed a rather random distribution that did not correlate
with the time evolution of j. The base pair reformed after
 9 ns but immediately opened again. In the LES1 trajectory,
the same base pair opened partially after  2 ns and completely
after  4 ns. Surprisingly, during the last 6 ns of the LES1
trajectory, d was larger than in the LES4 trajectory and
the G32–A44 base pair never reformed. Also unexpectedly,
the movement of A44 relative to G32 was much larger in the
tightly kinked LES1 conformation than in the highly open
LES4 conformation. The 2D plot of d against j shows that
d increased with j for the most part of the LES4 trajectory.
However inanumberof snapshots the G–A base pairwas open
(large d) while the K-turn was relatively closed (small j)
(Figure 2C). In the LES1 trajectory, there was an anti-
correlation between the opening of G–A base pairs and the
Figure 1. Different conformations of Kt-U4; guanines are shown in blue, cytosines in orange, adenines in red and uracils in yellow; long arrows indicate newly
formedstackingpatters;theshortarrowsindicatethekinkinthebackbone;jistheanglebetweenthePatomsofC47,U31andG35.(A)Kt-U4RNAstructurefrom
the crystallographic structure of Kt-U4–15.5K complex with the UUUAU externalloop modeled. (B) Open conformationobserved during the LES4 trajectory. (C)
Tightly kinked alternative conformation captured in the LES1 trajectory. (D) Structure of the Kt58 for comparison with the structure in Figure 1C.
3438 Nucleic Acids Research, 2005, Vol. 33, No. 10opening of the K-turn, very large values for d corresponding to
a very tight K-turn (Figure 2D).
In the crystallographic structure of the Kt-U4–15.5K com-
plex G32 stacks on G43 and A44 stacks on A33. The planes
of the two guanines are displaced, owing to hydrogen bond
contacts between the RNA and the protein. The O6 atom of
G32 is hydrogen-bonded with the peptide backbone N atom
of GLU41, and the O6 and N7 atoms of G43 are hydrogen-
bonded with the side-chains ofASN40and LYS44. There isno
protein contact involving A44 and A33; therefore, their planes
are oriented such as to allow a maximized stacking interaction.
To measure the stacking between two RNA bases, we calcu-
lated the distance between their geometrical centers (D) and
the angle between their planes (q). Maximum stacking is
achieved when D is minimal and q is either close to 0  or
180 . For G32/G43 and A44/A33 stacking interactions, q has a
value close to 180  because the Watson–Crick edges of the
stacked bases point in different directions. When a purine
rotates about the N9–C10 bond, q ﬂuctuates between  180 
and  0 . We plotted in scatter 3D graphs, q (x-axis) against D
(y-axis) and time (z-axis) and colored the points according to
their y (D) values with a colormap ranging from blue (bases
close to each other) to red (bases far from each other). In
this way, we could monitor the transitions between different
stacking patters and identify rotations of bases about the
N9–C10 bond. The stacking between the two guanines was
preserved and maximized during both the LES4 (Figure 3A)
and LES1 trajectories (Figure 3B), while the stacking between
the two adenines did not persist in either trajectory (Figure 3C
and D). Either A44 or A33 rotated sharply about the N9–C10
bond in both LES4 and LES1 trajectories. In the LES4
trajectory,A33rotateduntilitsplanewasalmostperpendicular
to the plane of G43, such as to increase the gap between the
two stems, contributing to the large opening of the K-turn.
During the last 2 ns of the LES4 simulation, the reformation of
the kinked structure was accompanied by the rotation of both
A33 and A44 and a random distribution of the relative ori-
entations of the two adenines was observed. In the LES1 traje-
ctory, three different structure clusters could be distinguished:
(i) A44 stacked on A33 in the ﬁrst 4 ns of the trajectory;
(ii) A44 rotated, allowing the stems to achieve close proxim-
ity; (iii) the tightly kinked conformation formed, with the
plane of A44 being almost perpendicular to the plane of G32.
In summary, the transition to the open conformation (LES4)
was facilitated by the rotation of A33 about its N9–C10 bond,
while the tightly kinked structure (LES1) was formed upon
equivalent rotation of A44. Interestingly, rotation of A44 was
also observed during the reformation of the K-turn in the LES4
trajectory.
Modified stacking patterns in the internal loop
The rotations about the N9–C10 bond of A33 in the LES4
trajectory and of A44 in the LES1 trajectory were accompan-
ied by the formation of new stacking patterns in the region
corresponding to the internal loop. In the LES4 trajectory, the
A44 stacked on G32 and further on G43 during the time of
maximal K-turn opening (7–8 ns) (Figure 4A), while no such
stacking interaction was formed in the LES1 trajectory
(Figure 4B). The new stacking pattern formed by G43, G32
and A44 was interpolated horizontally between the two stems
reﬂecting the maximal value of j. In the LES1 trajectory, A33
Figure 2. Correlation between opening of G–A base pairs and the k–e motion. (A) The j angle during the LES4 (black), LES1 (red) and LES2 (blue) trajectories.
(B) The distance d between N2 of G32 and N7 of A44 during the LES4 (black), LES1 (red) and LES2 (blue) trajectories. (C) 2D diagram of d(j) in the LES4
trajectory. (D) 2D diagram of d(j) in the LES1 trajectory. In (C) and (D), the maximal donor–acceptor distance (3.2 s) for hydrogen-bond interaction is indicated
with a horizontal line.
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no stacking was formed between A44 and G32 (Figure 4C).
The new stacking pattern formed by G32, G43 and A33
was extruded vertically from the stems, reﬂecting the minimal
value of j.
Inboth LES4 andLES1 trajectories, one of the two adenines
rotated about the N9–C10 bond while the other formed a new
stacking pattern with the guanines. A structural view of
the transitions between different stacking patters is shown
in Figure 5.
Two signiﬁcantly different conformations, one tightly
kinked and one highly opened, were formed depending on
the LES setup employed. However, both conformations were
characterized by the loss of G–A base pairs. Because the
difference between the two trajectories was the degree of
backbone ﬂexibility permitted, we analyzed the correlation
between the K-turn opening and motions in the sugar–
phosphate backbone.
Opening of Kt-U4 is correlated with backbone
flexibility in the stems
Local motions in the sugar rings and the phosphate groups of
nucleotides at the point where the two stems branch revealed
that certain conformations were required for the formation of
the kinked structure. Stabilizing inter-stem contacts can form
only if the interacting atoms were properly oriented for
hydrogen-bond formation. The following contacts were estab-
lished between the C-stem and the NC-stem: (i) the 20
OH group of A29 is hydrogen-bonded with the N1 atom of
A44; (ii) the 20 OH group of A33 is hydrogen-bonded with the
20 OH group of G45; (iii) the N2 atom of G45 is hydrogen-
bonded with the O30 atom of A33; and (iv) the 20 OH group of
G46 is hydrogen-bonded with the phosphate group of G34.
Applying LES to the stems loosens these contacts because the
backbone has more conformational freedom, thus promoting
the opening of the RNA.
We investigated the local conformational transitions within
different nucleotides that were correlated with the K-turn
opening, calculating: (i) the sugar pucker (the pseudorotation
angle); (ii) the orientation between the base and the sugar
(the c angle) and (iii) the orientation about the C40–C50
bond (the g angle) [for detailed description of the parameters
see (45)]. A33 was very ﬂexible in terms of the sugar pucker
and the c angle in the LES4 trajectory (Figure 6A and B). In
the kinked conformation, A33 had a C30-endo sugar pucker
and an anti-base-sugar orientation. When the RNA opened, the
sugar pucker changed to C20-endo and the c angle varied
toward a syn orientation describing the rotation of A33
about the N9–C10 bond. In the LES1 trajectory, although
A B
D C
Figure 3. Scatter3Dplotsofthestackinginteractionsbetween:(A)G32/G43intheLES4trajectory;(B)G32/G43intheLES1trajectory;(C)A44/A33intheLES4
trajectory; (D) A44/A33 in the LES1 trajectory. Stacking interactions occur when the distance (D) is minimal and the dihedral angle (q) between the planes of the
nucleotidesiseither 0  or 180  betweentheplanesofthenucleotides.RotationofthebaseabouttheN9–C10 bondoccurswhenqapproachesintermediatevalues.
The scatter points are colored according to their y value (D) with a colormap ranging from blue to red.
3440 Nucleic Acids Research, 2005, Vol. 33, No. 10A33 was part of the deﬁned LES region, its conformation
was conﬁned to a C30-endo sugar pucker and an anti or
high anti-base-sugar orientation. The high anti-conﬁguration
was adopted after 5 ns, corresponding to lower j values.
The orientation about the C40–C50 bond allows O50 to
assume different positions relative to the furanose ring. If
rotation about the C40–C50 bond is permitted in a single nuc-
leotide, the entire backbone can adopt a different orientation.
In the LES4 trajectory, such a rotation occurred in the G34,
G35 and G46 nucleotides (Figure 6C). Both  ap [g 2
(–150  –180 )] and +sc [g 2 (30  90 )] conﬁgurations
were sampled by these nucleotides in the LES4 trajectory
but not in the LES1 trajectory. Other nucleotides, such as
G45, showed no difference in the sampled conﬁgurations
between LES4 and LES1 trajectories (Figure 6C). In the
LES2 trajectory, the +sc conﬁguration was less sampled
than in the LES4 trajectory by G35 and G34, while the g
dihedral of G46 was restricted to values corresponding to
the +sc conﬁguration.
Essential dynamics of the LES4 trajectory
To study the types of motions that are correlated with the k–e
motion of Kt-U4 in the LES4 trajectory, we performed ED
analysis. First, the motion was decomposed onto the 25 slow-
est modes (see Materials and Methods), the contribution of the
ﬁrst three modes to the total motion being 68% (Figure 7A).
The projection of the trajectory onto the ﬁrst three modes
showed that: (i) the ﬁrst mode accounts for the large opening
observedbetween 6and8ns;(ii)the secondmode accountsfor
the partial opening observed between 1 and 2 ns; and (iii) the
thirdmodeaccountsforthereformation ofthe K-turnobserved
between 8 and 10 ns (Figure 7B). For clarity, the projection
onto the second mode is not shown.
The plot of jalong the ﬁrst mode (Figure 7C)shows thatthe
PCA captures the large opening of the RNA, separating it from
partial opening that occurs due to higher frequency motions.
The motions along the ﬁrst mode included: (i) opening of
G–A base pairs (Figure 7D); (ii) rotation of A33 about N9–
C10 bond; (iii) formation of the A44–G32–G43 stacking
pattern; and (iv) rotation of A30 about the N9–C10 bond.
No correlated motion occurred in the NC-stem or in the
external loop.
The plot of j along the third mode (Figure 7E) shows that
the motion along this eigenvector reﬂected the closing of the
RNA observed after 8 ns. The G–A base pairs remained lar-
gely open, although the K-turn reformed (Figure 7F). This
anti-correlation was similar to that observed during the
LES1 trajectory. The motions along the third slowest mode
included: (i) closing of the K-turn; (ii) rotation of A33 about
the N9–C10 bond; (iii) rotation of A44 about the N9–C10 bond;
and (iv) motions in the NC-stem and in the external loop.
A B
D C
Figure 4. Scatter3Dplotsofthestackinginteractionsbetween:(A)A44/G32intheLES4trajectory;(B)A44/G32intheLES1trajectory;(C)G43/A33intheLES4
trajectory; (D) G43/A33 in the LES1 trajectory. For details clarifying the plots and coloring see Figure 3.
Nucleic Acids Research, 2005, Vol. 33, No. 10 3441The similarity with the LES1 trajectory was striking with the
exception that the G32–G43–A33 stacking pattern did not
formed and the RNA did not kink as tightly.
DISCUSSION
The role of G–A base pair formation in the folding
of the K-turn motif
It has been shown that mutation of any of the purines forming
the G–A base pairs abolishes binding of the 15.5K protein
(2,3). Therefore, the formation of G–A base pairs in the
internal loop is required for the correct folding of Kt-U4
RNA. However, their precise role is not understood. Here,
we provide the ﬁrst insights at atomic detail into the correla-
tion between G–A base pair formation and K-turn folding. The
G–A base pairs are unstable in the absence of the 15.5K
protein. Thus, a reasonable assumption would be that they
are required for the formation of the kinked structure. How-
ever, the opening of G–A base pairs is not tightly correlated
with the k–e motion of the K-turn. When increased sampling
was applied to both the internal loop and parts of the stems, the
k–e motion was accompanied by the loss of G–A base pairs
(LES4).Strikingly,whenLESwasconﬁnedtotheinternalloop,
the RNA adopted a relatively stable alternative conformation,
in which the G–A base pairs did not form while the RNA was a
more tightly kinked structure resembling that of the K-turn
Kt58 (Figure 1D), having backbone kinks on both strands. We
investigated whether this alternative conformation was stabil-
ized due to LES artifacts by comparing the dynamics observed
in the LES1 and LES4 trajectories. In the absence of experi-
mental data at atomic level describing the dynamics of the free
RNA, the identiﬁcation of convergent motions between the
LES1 and LES4 trajectories provides a reasonable argument
that at least some of the dynamics observed in the LES1
trajectory occur during the k–e motion of the RNA. The beha-
vior of the RNA in the LES4 trajectory was in agreement with
the data obtained by single molecule FRET experiments (10)
and by chemically probing the RNA structure in the presence
and absence of the 15.5K protein (12). To characterize the
concerted motions in the free K-turn, we applied ED analysis
of the LES4 trajectory. The slowest mode captured the k–e
motion that is correlated with the opening of G–A base pairs.
Surprisingly, along the third slowest mode, the degree of kink-
ing in the RNA increased without the formation of G–A base
pairs. Furthermore, the movement of the adenines relative to
the guanines was even larger than that observed along the
ﬁrst mode and similar to the motions observed in the LES1
trajectory. The projection of the LES4 trajectory along differ-
ent modes shows that the third eigenvector reﬂected the
Figure 5. Structural viewof thetransitionsbetweendifferent stackingpatternsin thefree RNA.(A) G32/G43andA44/A33stackinginteractionsasobservedin the
crystalstructureofKt-U4–15.5Kcomplex.(B)A44/G32/G43stackinginteractionsformedintheLES4trajectoryafter 7ns.(C)RotationabouttheN9–C10 bondin
A33andA44asobservedintheLES4trajectoryafter 9ns.(D)G32/G43/A33stackinginteractionsformedintheLES1trajectory.Guaninesareblue,adeninesred,
oxygens pink, nitrogens cyan and the sugar–phosphate backbone gray.
3442 Nucleic Acids Research, 2005, Vol. 33, No. 10reformation of the K-turn in the last 2 ns of the trajectory.
Therefore, the two simulations showed convergent motions,
suggesting that the RNA is capable of adopting intermediate
conformations characterized by a sharp angle between the two
stems without the formation of G–A base pairs. The stabiliza-
tion of the alternative conformation in the LES1 trajectory
enabled the search for local structural dynamics contributing
to the large opening of the RNA, such dynamics being iden-
tiﬁed by analyzing the divergent motions between the LES4
and LES1 trajectories.
From these ﬁndings, we infer that the loss G–A base pair is
insufﬁcient for the k–e transition. The opening of the K-turn
causes the G–A base pair to open, thus accounting for the
correlation between these two motions along the slowest
mode of the LES4 trajectory. The stability of the stacking
interaction between G32 and G43 suggests that G32 and
G43 together with the ﬂipped out U31 and a particular ori-
entation of A30 could be the recognition motif for the 15.5K
protein. The protein has a tight cavity (Figure 8) formed by
residues 37 to 41, 44 and 95 to 99, which recognizes the RNA
and selects a speciﬁc orientation of the two stems. We propose
that the role of the G–A base pairs is to stabilize the orientation
of the two stems at a precise angle, which is selected during
protein recognition.
The ribosomal K-turns vary in the angle between the stems
and in the number and nature of non-canonical interactions,
extending the NC-stem into the internal loop. Kt46 and Kt58
havethehighestdegreeofkinking( 21  and 41  betweenthe
helical axes of the two stems). They contain three G–A base
pairs followed by a G–U base pair while K-turns with a lower
degree of kinking bear two G–A base pairs, sometimes fol-
lowed by a C–C base pair. This distribution suggests that there
might beaconnectionbetweenthe orientationofthe twostems
and the number of G–A base pairs formed in the internal loop.
ThemajorfunctionoftheK-turnsistoorientthetwostemssuch
as to permit binding of proteins that contact both stems, or to
providetheframeforlargeRNAssuchastheribosomalRNAto
compactinthestructuresobservedintheribosomes.Therefore,
itisplausibletosuggestthattheRNAfoldinginlargestructures
requires speciﬁc orientations of helices that are regulated by
non-Watson–Crick interactions in ﬂexible motifs, such as the
K-turns. It is very challenging to experimentally verify this
hypothesis because adding or subtracting G–A base pairs
from the RNA abolishes binding to their cognate proteins.
Computer simulations are also limited due to the ﬂexibility
of the free RNAs, which has to be accounted for to obtain
an accurate representation of the simulated systems.
It was suggested by one of the reviewers of this paper that
the instability of the G–A base pairs in the free Kt-U4 was
incompatible with thermodynamics experiments [(46) and ref-
erences therein] and may thus have been due to the limitations
of LES and the force ﬁelds. However, chemical RNA structure
probing experiments have shown that both G32 and G43, as
well as G34 and G35, are accessible to modiﬁcation by keth-
oxal in the absence of 15.5K protein, indicating that the G–A
base pairs and the G–C base pairs in the NC-stem are not
formed in the unbound RNA (12). The stability of G–A
base pairs during standard MD simulations of the free Kt-
U4 might be due to the limited sampling accessible by stand-
ard MD. We believe that LES has proved useful in simulating
the opening of G–A base pairs in the unbound Kt-U4. Nev-
ertheless, we do not question the stability of sheared G–A base
pairs in other RNAs or even in other K-turns. Additional
studies are required to assess the stability of the G–A base
pairs in the relatedribosomal K-turns by considering boththeir
bound proteins and attached RNA fragments.
The role of backbone flexibility in the folding of the
kink turn motif
If the loss of G–A base pairs is insufﬁcient for the large
opening of the K-turn, it is likely that other factors contribute
A
B
C
Figure 6. Correlation between backbone flexibility and the k–e motion. (A)
The pseudorotation angle describing the sugar pucker of A33 during the LES4
(filledcircles)andLES1(emptycircles)trajectories.(B)Thecangledescribing
the rotation about N9–C10 bond in A33 during the LES4 (filled circles) and
LES1 (empty circles) trajectories. (C) relative populations of  ap (black) and
+sc (gray) configurations (describing the rotation about the C40–C50 bond) in
G35, G46andG45 in the LES4,LES1and LES2trajectories; the percentageof
trajectory frames, in which intermediate configurations were sampled is not
shown.
Nucleic Acids Research, 2005, Vol. 33, No. 10 3443to the k–e transition. Capturing the LES1 conformation
enabled us to characterize the motions in the backbone of
nucleotides situated at the branching origin of the stems
that are relevant for the opening of the K-turn. The rotational
freedom about backbone bonds in A33, G34, G35 and G46
drives the k–e motion of the RNA. When this ﬂexibility is
restricted, the ability of the RNA to open is diminished (as
observed in the LES1 and LES2 trajectories), suggesting that
the formation of the K-turn is not a selective property of the
internal loop but also involves the stems. A33 plays a special
role in the transitions, being the most ﬂexible nucleotide
during the K-turn opening. Its pucker and c angle are highly
correlated with the global RNA motions, suggesting that
the degree of conformational freedom in A33 is of crucial
importance for the K-turn dynamics. We show that the ﬂex-
ibility of A33 is inﬂuenced by the degree of rotational freedom
about the C40–C50 bond in G46. The 20 OH group of G46 must
adopt a correct orientation to form a hydrogen bond with the
phosphate group of G34 that bridges the gap between the two
stems at their branching origin. G45 does not show the same
A B
D C
E F
Figure 7.PCAofLES4trajectory.(A)Decompositionofthetrajectoryalongthefirst25modes.(B)ProjectionoftheLES4trajectoryontofirst(continuousline)and
third(dottedlinewithsquaresymbols)modes.(C)janglealongthefirstmode.(D)DistancebetweenN2ofG43andN7ofA33alongthefirstmode.(E)janglealong
the third mode. (F) Distance between N2 of G43 and N7 of A33 along the third mode.
Figure 8. Protein cavity at the protein–RNA interface; a-helical regions
are shown in purple, b-sheet regions in yellow and unstructured regions in
cyan. For RNA coloring see Figure 1.
3444 Nucleic Acids Research, 2005, Vol. 33, No. 10type of ﬂexibility as G46, although it is closer to the internal
loop, suggesting that the ﬂexibility of G46 backbone directs
the movement of the C-stem relative to the rest of the RNA.
In the LES2 trajectory, the amplitude of the k–e motion is
signiﬁcantly lower than in the LES4 trajectory because
conformational sampling in the C-stem was not enhanced.
The backbone of G46 does not have a sufﬁcient degree of
conformational freedom to promote large RNA opening.
Nevertheless, a certain degree of opening was observed in
comparison with the LES1 trajectory, suggesting that ﬂexib-
ility in the backbone of G34 and G35 is equally important.
Perspectives in the simulation of protein-assisted
RNA folding
We have shown that simulating protein-assisted RNA folding
in the absence of structural data for the free RNA requires a
computational approach that uses standard MD simulations in
combination with enhanced conformational sampling tech-
niques to enable the investigation of transitions such as the
k–e motion of the K-turn motif (12). Partial opening of the
K-turn accompanied by loss of stabilizing inter-stem contacts
has been observed in standard MD simulations of the free
RNA (12,28,29). However, we observed opening of the
G–A base pairs and a signiﬁcantly larger opening of the
K-turn only when applying LES (12). Thus, enhancing
the conformational sampling is required to obtain a more
accurate description of the dynamics of the free K-turn. We
chose LES because it has been previously applied to locate the
experimental structure of a RNA loop starting from a different
conformation (30). LES can be used in combination with PME
in periodic simulations with explicit solvent.
Considering the beneﬁts of applying LES despite the draw-
backs apparent in the study of DNA G-quartets (35), we pro-
pose that in the absence of atomic resolution structures of
unbound RNAs, such theoretical approaches are suitable for
studying the dynamics of RNAs undergoing protein-assisted
folding starting from structures of protein–RNA complexes.
However, they do not provide structural predictions. Thus, the
structures observed during the LES-MD trajectories should
only be regarded as possible, perhaps even highly plausible,
transition states during dynamic motions rather than assumed
as unique 3D arrangements of the free Kt-U4. In reality, the
unbound RNA may undergo transitions of much greater amp-
litudes that cannot be simulated even with more extensive
conformational sampling.
Nevertheless, using LES we obtained excellent agreement
with experimental data available in characterizing the beha-
vior of Kt-U4. However, it was necessary to simulate both the
free and bound RNAs under the same conditions to ensure that
we were observing protein-assisted RNA folding and not ran-
domtransitionsintheRNA.Thisresultedinasharpincreasein
CPU time required to obtain a viable trajectory. The next step
in developing a protocol that can be extensively applied to
study the mechanism of protein-assisted RNA folding would
be to test whether the behavior of the K-turn motif can be
reproduced by employing other enhanced sampling tech-
niques such as replica exchange MD simulations (47–49).
Ideally, such a standardized protocol would not require the
simulations of the bound RNAs and could predict induced ﬁt
or conformational capture mechanisms (50,51) only from the
simulations of the free RNAs starting from their bound struc-
tures. Such a protocol would be justiﬁed in studying systems
for which structural data are very difﬁcult to obtain due to their
ﬂexibility. The K-turn motif constitutes a typical example of
such a system.
UnderstandingthedynamicsofsuchRNA motifsisrequired
to elucidate the mechanisms of large RNA folding, with the
ultimate goal of characterizing the folding of structures such
as the ribosome, the single recognition particle, the telomerase
or the dynamical events occurring during the assembly of the
functional spliceosome.
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Supplementary Material is available at NAR Online.
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